Left atrial muscle extends into the proximal third of the mitral valve (MV) anterior leaflet and transient tensing of this muscle has been proposed as a mechanism aiding valve closure. If such tensing occurs, regional stiffness in the proximal anterior mitral leaflet will be greater during isovolumic contraction (IVC) than isovolumic relaxation (IVR) and this regional stiffness difference will be selectively abolished by b-receptor blockade. We tested this hypothesis in the beating ovine heart. Radiopaque markers were sewn around the MV annulus and on the anterior MV leaflet in 10 sheep hearts. Four-dimensional marker coordinates were obtained from biplane videofluoroscopy before (CRTL) and after administration of esmolol (ESML). Heterogeneous finite element models of each anterior leaflet were developed using marker coordinates over matched pressures during IVC and IVR for CRTL and ESML. Leaflet displacements were simulated using measured left ventricular and atrial pressures and a response function was computed as the difference between simulated and measured displacements. Circumferential and radial elastic moduli for ANNULAR, BELLY and EDGE leaflet regions were iteratively varied until the response function reached a minimum. The stiffness values at this minimum were interpreted as the in vivo regional material properties of the anterior leaflet. For all regions and all CTRL beats IVC stiffness was 40-58% greater than IVR stiffness. ESML reduced ANNULAR IVC stiffness to ANNULAR IVR stiffness values. These results strongly implicate transient tensing of leaflet atrial muscle during IVC as the basis of the ANNULAR IVC-IVR stiffness difference.
Introduction
Mitral valve leaflets, traditionally viewed as passive flaps, have recently been shown to exhibit active leaflet stiffening during the cardiac cycle in the beating ovine heart . During each beat, the anterior leaflet is globally stiffer during isovolumic contraction (IVC) than isovolumic relaxation (IVR). We postulated that this stiffness increase during IVC was most likely due to transient tensing of the atrial cardiac muscle present in the atrialis layer of the anterior leaflet (Cooper et al., 1966; Montiel, 1970; Fenoglio et al., 1972; Hibbs and Ellison, 1973; Wit et al., 1973 Wit et al., , 1979 Boucek et al., 1978) , in the ANNULAR third of the leaflet proximal to the mitral annulus. b-receptor blockade by intravenous esmolol was found to abolish this global IVC-IVR stiffness difference. We postulated that this was due to selective decrease of IVC force development by the ANNULAR leaflet cardiac muscle ). Here, we analyze the data from the ten hearts in our previous study ) using a novel, regionally heterogeneous, inverse finite element approach to test the hypothesis that both the global IVC-IVR stiffening difference and the abolishment of this difference with b-blockade observed in our previous study, results primarily from a selective local reduction in ANNULAR IVC stiffness, i.e., in the leaflet region containing atrial cardiac muscle, rather than a uniform global effect experienced throughout the entire leaflet.
Methods

Data acquisition
Data acquisition methods were discussed in detail in our previous report ), thus will only be summarized here. Thirteen radiopaque markers were surgically implanted to silhouette the LV chamber in each heart (''Ventricular Markers'', Fig. 1a) , one marker at the tip of each papillary muscle (APM, PPM, Fig. Fig. 1a) , 16 on the atrial aspect of the anterior MV leaflet (7 on the MV leaflet edge (#1-7, Fig. 1b) ; 9 on the leaflet belly (#8-16, Fig. 1b) ), and one on the central edge of the middle scallop of the posterior mitral leaflet (PML, Fig. 1a ). In the catheterization laboratory, under open-chest conditions, videofluoroscopic images (60 frames/s) of all markers were acquired with the heart in normal sinus rhythm and ventilation transiently arrested at end expiration. Left atrial pressure (LAP), left ventricular pressure (LVP), and aortic pressure (AoP) were continuously measured by catheter-tip manometers. Data were obtained before (CRTL) and after b-blockade with esmolol (ESML, 10-25 mg bolus to achieve E15% reduction in LV ESP). Marker coordinates from each view were then merged to yield the 3-D coordinates of the centroid of each marker in each frame, accurate to 0.1 70.3 mm (Daughters et al., 1989; Niczyporuk and Miller, 1991) . Three consecutive beats in sinus rhythm were selected for analysis for both runs (CRTL, ESML) in each heart. For each of these beats, the valve closure time point (t 1 ) was defined as the frame when the distance between marker #4 on the anterior leaflet and its counterpart on the central posterior leaflet initially fell to a stable minimum (Fig. 1d , lower left red dot) and left ventricular and left atrial pressures at that time were noted (LVP 1 , LAP 1 ). The end IVC time point (t 2 , Fig. 1d , upper left red dot) was defined from the AoP deflection and left ventricular and left atrial pressures at that time were noted (LVP 2 , LAP 2 ). The frame during IVR when left ventricular pressure most closely matched LVP 1 (Fig. 1d , lower right blue dot) was defined as t 3 with pressures LVP 3 and LAP 3 . The frame during IVR when left ventricular pressure most closely matched LVP 2 (Fig. 1d , upper right blue dot) was defined as t 4 with pressures LVP 4 and LAP 4 . Fig. 1d shows leaflet geometry at the t 2 and t 4 matched LVP's for a representative beat in this study.
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Inverse finite element analysis
The inverse finite element analysis methodology to determine the material properties of the anterior mitral valve leaflet has been previously described (Krishnamurthy et al., 2008 Itoh et al., 2009) . These previous studies, however, employed a homogeneous finite element model with two independent material parameters, whereas this current study uses a heterogeneous regional finite element model with six independent material parameters.
Finite element model
Finite element models of the anterior MV leaflet were individually developed for both IVC and IVR intervals for each of the 30 beats analyzed. The geometry of the anterior leaflet was initially defined by the 3-D coordinates of the leaflet markers (Fig. 1b) at t 1 for IVC and t 3 for IVR. Five cubic splines were generated through: ( For the purpose of defining the MV leaflet material properties, a coordinate system was defined with the origin at the center of the 16 markers defining the saddle-shaped annulus at t 1 for IVC and t 3 for IVR (Levine et al., 1989) . A line from this origin to marker #20 was defined as the leaflet radial axis (R, Fig. 1b) . The leaflet circumferential axis (C, Fig. 1b ) was defined normal to R and in the plane containing R and the posterior commissural marker (#23, Fig. 1b ).
The material model of the leaflet was assumed to be orthotropic linear elastic with an a priori assumed Poisson's ratio of 0.49. We have previously demonstrated ) that the closed mitral valve had a linear stress strain behavior over physiologic range of pressures and hence we have used a linear elastic model in our analysis. The bi-cubic leaflet surface was divided into three regions with two independent material properties (radial elastic modulus and circumferential elastic modulus) for each region: an ANNULAR region bounded by markers 17-18-19-20-21-22-23-12-15-16-13-8-17 ; a BELLY region bounded by markers 8-9-10-11-12-15-16-13-8; and an EDGE region bounded by markers 1-2-3-4-5-6-7-22-23-12-11-10-9-8-18-17-1. Two separate shells were used to define the varying thickness of the leaflet regions using data obtained from our histological study of an anterior leaflet from a representative ovine heart. The first shell defined a region from the annulus to 75% of the leaflet towards the free edge; this region had thickness values that varied linearly from 1.2 mm at the annulus to 0.7 mm 75% toward the leaflet free edge. The second shell defined the remaining 25% of the leaflet with a uniform thickness value of 0.2 mm. The bicubic surface fit of the MV leaflet was then meshed with 2-D plane-stress quadrilateral shell elements. An element size of 0.004 cm 2 was selected yielding a mesh size of 2000 elements for a typical anterior leaflet. The strut chordae were defined as structures undergoing pure tension. A previously published ex vivo modulus (elastic modulus = 20 N/mm 2 ; cross sectional area= 0.008 cm 2 ) was used for the strut chordae (Kunzelman and Cochran, 1992) . Tension-only bar elements were defined as radiating from the papillary muscle tip marker points (APM and PPM, Fig. 1a ) to leaflet belly insertion positions. Fig. 1 . Marker schematic and pressure depiction. The boundary conditions were then enforced on the finite element models. For IVC, (LVP 2 -LVP 1 ) was applied to the ventricular surface of the leaflet and (LAP 2 -LAP 1 ) to the atrial surface. For IVR, (LVP 4 -LVP 3 ) was applied to the ventricular surface and (LAP 4 -LAP 3 ) to the atrial surface. The displacements of the annular markers (#17-23, Fig. 1b) , anterior leaflet free-edge markers (#1-7, Fig. 1b ) and papillary tip markers (APM and PPM, Fig. 1a) were defined using actual marker data from t 1 to t 2 for IVC and t 3 to t 4 for IVR.
The finite element model (Fig. 2) was then solved for the enforced boundary conditions to obtain the simulated displacements of the leaflet markers.
Inverse finite element analysis algorithm
An inverse finite element analysis then yielded the in vivo regional material properties of the leaflet during IVC and IVR. In this algorithm, model-simulated displacements of the leaflet markers were compared with the actual measured displacements of these markers during IVC or IVR to yield a response function defined as the root mean squared (RMS) displacement difference between simulated and actual displacements of the leaflet markers. A parameter identification algorithm (Belegundu et al., 2004) , was then used to minimize the response function by repeated iterations of the six independent material properties (Circumferential and Radial Elastic Moduli for ANNULAR, BELLY and EDGE) in each finite element model until a global minimum was obtained (Fig. 3) . In our previous study we found that anterior leaflet circumferentialradial shear during IVC and IVR proved sufficiently small that radial and circumferential elastic moduli were unchanged with inclusion or exclusion of this shear modulus in the parameter identification process.
The material property values (Circumferential and Radial Elastic Moduli for ANNULAR, BELLY and EDGE) obtained at the end of the parameter identification runs with the response function at its global minimum were interpreted as the in vivo material properties of the anterior MV leaflet during IVC and IVR. That is, these material property values, when used in the finite element model for the anterior leaflet under the enforced pressure and geometric boundary conditions, produced, as closely as possible, the same leaflet marker displacements as those measured experimentally during IVC and IVR. In our previously published study (Krishnamurthy et al., 2008; ) we described our extensive analysis, seeding different combinations of radial and circumferential moduli, that demonstrated that the response function minimum and parameters obtained from the analysis were unique. Table 1a shows the mean ( 7SD) circumferential elastic moduli for the ANNULAR, BELLY and EDGE regions of the anterior mitral leaflet during IVC and IVR for CTRL and ESML. Table 1b shows the mean (7SD) radial elastic moduli for the ANNULAR, BELLY and EDGE regions during IVC and IVR for CTRL and ESML. Fig. 4 graphically depicts the mean values from Table 1a and b.
Results
Both circumferential and radial IVC stiffness was 40-58% greater than IVR stiffness for all regions and all CTRL beats. ESML had no effect on IVR stiffness in any region, no effect on EDGE IVC stiffness, but reduced ANNULAR IVC stiffness to ANNULAR IVR stiffness values.
Discussion
This study is the first to define regional material properties of the anterior mitral leaflet in the beating heart. The principal findings of this study were: (i) IVC stiffness was greater than IVR An unexpected observation in this study, however, was that the leaflet EDGE region was also stiffer in IVC than IVR, but the stiffness difference in this region was unaffected by ESML b-receptor blockade. Such an IVC-IVR stiffening difference in the EDGE region could not be due to tensing of cardiac muscle, as such muscle does not extend into the EDGE region, but must reflect some other mechanism. One explanation for the EDGE IVC-IVR stiffness difference could be the presence of another contractile mechanism at the EDGE which is insensitive to b-receptor blockade. Another mechanism that could explain this EDGE IVC-IVR stiffness difference is suggested by the data in Fig. 5 , displaying the distance between adjacent marker pairs along the central meridian of the leaflet. Note that in the time interval studied during IVC the distance between EDGE markers #4 and #10 is falling, showing a geometric change of this region during this interval. This behavior, found in all 10 hearts, was observed only in the EDGE region of the leaflet, as the distances between markers #10 and #14, #14 and #16 and #16 and #20 remained virtually constant during this portion of IVC when the anterior and posterior leaflets are making final contact. We interpret this as reflecting bending of the anterior leaflet edge, bringing markers #4 and #10 closer together as contact pressure with the posterior leaflet increases during coaptation. This reduction in EDGE radius of curvature would effectively stiffen this region, not by changing its material properties, but simply by changing the geometry of the region to a shape deforming less with a given change in pressure. This could be an important mechanism allowing this specialized region of the leaflet, which needs to be almost negligibly thin and highly flexible to properly coapt with the posterior leaflet and prevent regurgitation, to withstand the sudden very great increase in pressure loading accompanying the onset of each left ventricular systole during IVC. Thus this thin EDGE region may be employing ''geometric stiffening'' to meet the sudden pressure loading demands during IVC, a mechanism not required by the thicker and more muscular ANNULAR and BELLY regions, whose geometry does not change significantly during IVC or IVR.
